Cross-site comparisons of case studies have been identified as an important priority by the land-use science community. From an empirical perspective, such comparisons potentially allow generalizations that may contribute to production of global-scale land-use and land-cover change projections. From a theoretical perspective, such comparisons can inform development of a theory of land-use science by identifying potential hypotheses and supporting or refuting evidence. This paper undertakes a structured comparison of four case studies of land-use change in frontier regions that follow an agent-based modeling approach. Our hypothesis is that each case study represents a particular manifestation of a common process. Given differences in initial conditions among sites and the time at which the process is observed, actual mechanisms and outcomes are anticipated to differ substantially between sites. Our goal is to reveal both commonalities and differences among research sites, model implementations, and ultimately, conclusions derived from the modeling process.
Introduction
Members of the land-use and land-cover change (LUCC) community have identified comparison of case studies of land-use and land-cover change across diverse sites as a high priority (Rindfuss, Walsh, Turner, Fox, and Mishra 2004; Entwisle and Stern 2005) . Crosssite comparisons are inherently challenging, as modeling context, emphasis, and approach, as well as case study data, may differ across sites. Several previous comparisons have been undertaken through meta analysis, with comparisons organized through both theoretical (Angelsen and Kaimowitz 1999) and empirical Lambin 2001, 2002 ; Lambin et al. 2001; McConnell and Keys 2005; Rudel 2005 ) frameworks. Following up on the challenges set forth by Rindfuss et al. (2007) to use agent-based modeling (ABM) for cross-site comparison, this paper undertakes a comparison of modeling methods and results for four agent-based models of land-use change in frontier regions. The comparison is structured through reference to a conceptual meta-model that nests the drivers and processes included in each of the four models.
We employ a broad definition of 'frontier' so that diverse cases of ABM can be compared. We define 'frontier' as an area of changing resource use, such as might occur with changing technology, transportation, or economic relations . Immigration in response to those changes is a common but not necessary feature of frontiers, as indigenous people may also participate in changing resource use. Location on the periphery of a coherent socioeconomic entity is also a common but not necessary feature, as frontiers can develop within such entities. We are especially interested in extensive changes in land use. A frontier is a place of land-use change and part of a continuing advance of that change across space (Mikesell 1960; Malanson, Zeng, and Walsh 2006b ). As such, although a frontier has a place in space and time, the effects of a frontier on a place may last long after the initial changes have passed. Our cross-site comparisons include ongoing advances, as in Brazil (in the midst of a transformation from forest to agriculture) and the Yucatán (experiencing land-use transitions driven simultaneously by population growth, market integration, and institutional change); indigenous, small-scale change, as in China (in the midst of a transition led by market forces and migration); and advances long past one phase of frontier transition, but at the leading edge of a second, as in Indiana (in a phase of forest recovery). Others have defined frontier in different ways, ranging from a social and cultural space (e.g. Turner (1920) , extended by Livingstone and Harrison (1981) to the specific, theoretically based definitions by Jepson (2006) , who also provided a wider background on other definitions). Definitions suited to a particular empirical problem are common (e.g. Brown, Sierra, Digiacinto, and Smith 1994; Simmons, Walker, Arima, Aldrich, and Caldas 2007) . Our definition can encompass these cited works while still being broad enough to include spatial structure.
Various dimensions of farm size, household size, biophysical suitability, local markets, natural resource availability, land tenure regimes, available technology, and transportation infrastructure are critical to explaining differences in land-use outcomes across sites. The result is that variations in each of these characteristics across study sites are needed in order to undertake statistical comparisons , and at least as many study sites as free parameters are required for the comparison. (Within-site variation across space and/or time can also be exploited to statistically identify relationships between site-specific drivers and land-use outcomes.) Synergistic interactions among drivers may further complicate parameter identification (Ragin 2000) , as may differences in the structure and degree of error and uncertainty across sites. Data resources sufficiently complete and uniform to meet comparison requirements are rarely available across sites, however.
Further complicating model comparisons is the wide range of disciplines that contribute to land-use science; including anthropology, demography, ecology, economics, environmental science, geography, political science, sociology, and sustainability science. Each discipline brings its own research frames, model emphases, and scientific theories. The result can be an unconnected collection of models built from different disciplinary approaches; testing different theories; operating at different social, spatial, and temporal scales; and using different data. Alternatively, for large interdisciplinary research projects, the result can be highly complex interdisciplinary models that contain a hybrid of modeled processes and model parameters.
In spite of the difficulties inherent in conducting cross-site comparisons, the potential payoffs of successful comparison are high. Such comparisons could contribute to development of general theories of land-use science and provide links to a variety of other sciences, including the climate modeling community ). Land-use science is a newly defined but rapidly developing field that lacks an established and commonly recognized theoretical framework (Turner et al. 1995; Gutman et al. 2004; Rindfuss et al. 2004, Lambin and Geist 2006) . At a minimum, a common theoretical framework will mesh the theories of the many disciplines that contribute to land-use science by defining the linkages across them. However, that framework will ideally move further by revealing new outcomes that emerge through feedbacks within and between sub-systems. By providing contrasting and common views of linked land-use change systems at different points in time and space, cross-site comparisons can contribute to this integrated theory of land-use science.
Land-use systems can be characterized as complex systems (Parker, Hessl and Davis, 2008) . Thus, complexity theory can inform development of theories of land-use science. Complexity theory aims to explore systems in which combinations of heterogeneity and interactions between elements at various scales lead to the emergence of reoccurring, higher-scale patterns, which may appear to be structured by some external organizing force. Complexity theory also explores conditions under which combinations of parameter values and initial conditions lead to instability, critical thresholds, and rapid shifts from one system state to another (Warren, Franklin, and Streeter 1998; Axelrod and Cohen 1999; Manson 2001) . To the extent that case study outcomes can be viewed as different realizations of common complex processes, differences in outcomes among sites can be viewed as emerging from differences in initial conditions, relative parameter values, and active sub-system components present at particular sites.
In order to explore how differing initial conditions and parameter values across sites may lead to different outcomes, a theoretical model that embeds common drivers and the complex processes that connect them to land-use change outcomes -in essence, a theoretical metamodel of land-use change in frontier regions -is needed. Development and analysis of a common complex meta-model (one that nests site-specific models as special cases) could reveal how conditions in a given location may evolve, given particular future parameter shifts. Such an analysis could also explain why some outcomes are seen in one case, but alternative outcomes are seen in others. In short, it could facilitate extrapolation beyond existing cases and generalization across cases. At the same time, development of such a meta-model may also contribute to further development of complexity theory, as spatially explicit models of LUCC can embed complex processes (Crawford 2005; Malanson et al. 2006b; Manson and O'Sullivan 2006) . Land-use systems are ideal laboratories for exploring complexity resulting from fixed spatial relationships, relative success of various management strategies (Evans and Kelley 2004; Malanson, Zeng, and Walsh 2006a; Polhill, Parker, and Gotts 2008) , spatial and temporal autocorrelation and path-dependence (Parker 1999; Brown, Page, Riolo, Zellner, and Rand 2005) , and both upward and downward cross-scale feedbacks on emergent outcomes (Torrens 2007; Olson et al., 2008) .
Agent-based models are, in principle, a promising tool for development of a meta-model of land-use change (Parker, Manson, Janssen, Hoffmann, and Deadman 2003; Rindfuss et al. 2007 ). An agent-based meta-model would contain the drivers, processes, and interactions critical to system evolution across sites, including specifications of exogenous and endogenous elements and causal chains that connect the two. Each individual case would be represented as a particular instantiation of this common meta-model. The completed model could be used to explore ' what-if ' scenarios that map outcomes generated by parameter values not observed in any case studies. Instantiated in code as a software model, this 'computational laboratory' could help fill the gaps in understanding caused by the empirical degrees-of-freedom problem discussed above. Fully documented and shared with the larger land-use science community, such a laboratory would be particularly valuable as a tool to transcend the limitations of historical experience and help imagine alternative futures. (The process of implementing a conceptual ABM meta-model in code is discussed by Parker, North, Collier, Howe, and Voss (2006) .) This paper takes a first step towards development of such a model by undertaking a comparison of the structure of and results from four agent-based models of land-use change in frontier regions. The goal of the structured comparisons undertaken in this paper is to reveal commonalities and differences among research sites, model implementations, and ultimately, conclusions about land-use change. Given differences in initial conditions and the time scale at which the process is observed across sites, actual dynamics and subsequent outcomes are anticipated to differ substantially. While a first effort, we hope that this structured comparison reveals a way forward for theoretical cross-site comparisons using spatial simulation models. Such a comparison seeks to develop potential hypotheses regarding land-use change mechanisms and their impacts, reveal potential futures at other sites, and inform development of land-use change models that are in the design or implementation stage. To make our task tractable, we use four existing multi-agent models that were developed independently for different sites: Altamira, Brazil (LUCITA); Wolong Nature Reserve, China (IMSHED); Southern Yucatán Peninsula (SYPRIA), Mexico; and south-central Indiana, USA (LUCIM). Hence, our comparison is essentially 'retrospective' rather than prospective. In the conclusion, we use what we learn from this comparison to make recommendations for modeling efforts that are just getting underway.
In order to structure the comparison, we draw on a modified version of a conceptual design pattern for agent-based models of land-use developed by Parker, Brown, Polhill, Manson, and Deadman (2008) , referred to as 'MR POTATOHEAD' (Model Representing Potential Objects That Appear in The Ontology of Human-Environmental Actions & Decisions). Similar to the historically popular 'Mr. Potatohead' ™ toy (Playskool) , in which the user chooses particular eyes, ears, noses, and other facial features from a diverse set of choices to create a recognizable but individualized face, the MR POTATOHEAD model creates a template in which a particular implementation of an ABM/LUCC model can be expressed. The model represents drivers, processes, and sub-models, but does not yet represent exogenous and endogenous elements and causal relationships. used the model to demonstrate that five separately developed agent-based models of land-use and land-cover change could be represented through the same common conceptual meta-model. Two of these models, LUCITA and SYPRIA, are included in this study. MR POTATOHEAD has since been translated in OWL (Web Ontology Language) using the Protégé/OWL software (Stanford Center for Biomedical Informatics Research 2007) . Elements from all seven models discussed here and in are included in the ontology.
MR POTATOHEAD serves several roles in this paper. First, the framework was used in group discussion to identify key drivers and processes that should be included in a theoretical model of land-use change in frontier regions. Second, each of the four models was described using the framework, demonstrating that each case study model can be viewed as a particular instantiation of one meta-model (Appendix A). This demonstration is the first step towards development of a common theoretical model that could be used as a generalized computational laboratory. Third, MR POTATOHEAD is used to identify those processes commonly implemented in all models, those uniquely modeled in particular case studies, and those identified as critical for explaining land-use change in frontier regions, but not modeled for any of the case studies examined here. Section 2 describes a conceptual story of land-use change in frontier regions and uses this story to motivate a set of questions about the theoretical processes present in particular case studies. In section 3, the extent to which these processes are empirically significant in each site and implemented in each of the four models is analysed. Discussions and conclusions follow in section 4. Appendices A and B present the modified MR POTATOHEAD framework, with elements considered essential to describing land-use change in frontier regions highlighted in italics in Appendix A and described in Appendix B. Elements that have been implemented in the four case study models are noted by model name. Appendices C and D present more detailed descriptions of the IMSHED and LUCIM models following this framework; similar descriptions for LUCITA and SYPRIA appear in . Links to all appendices, as well as to the Protégé OWL code, are available at: http://mason.gmu.edu/~dparker3/MR_POTATOHEAD/MR_POTATOHEAD_OWL
Characterizing land-use change in frontier regions

Frontier land-use change processes
Again, we base our discussion on the concept of 'frontier' presented in Rindfuss et al. (2007) . At the most general level, land-use change in frontier regions occurs because a new population with its own tastes, norms, and practices moves into an area that becomes the frontier. The new population may seek to directly claim land rights and convert land to new subsistence-or income-generating uses, as is the case in the Brazilian Amazon and the Yucatán. New populations may also claim land in part for non-pecuniary reasons, as is the case with new rural residents in Indiana, USA. The frontier's leading edge may also be defined through resource extraction, as is the case in the Wolong reserve, where land claims are institutionally prohibited. In all cases, new populations are drawn to the frontier because they perceive greater opportunities there than at their place of origin or elsewhere. Put differently, they perceive relative resource abundance in the frontier area, whether it is the opportunity to claim land for productive use, to extract resources from the land, or to gain other non-market benefits from the land.
New populations often retain social and economic links to their origin area, and frequently to other markets as well. Thus, these populations can act as a conduit through which links with external markets are created or strengthened and new customs potentially flow. Frequently, but not always, the migrants' initial land-use practices involve a mix of subsistence and market agriculture, with production of goods for local as well as more distal markets increasing as market integration increases. During the transition from subsistence to market-oriented land use, the nature of risks faced by households and communities changes. At the subsistence end of the continuum, different types of crops may be planted to diversify risk, and land may be used for purposes beyond agriculture, including hunting, fishing, and gathering. Households may then produce marketable goods in order to obtain cash to purchase items they cannot grow, gather, or make. Moving toward market-oriented land uses, migrants tend to specialize in one or a small number of crops, making the household, agri-business, or community more vulnerable to local natural disasters and the choppy currents of national and global markets. Later stage frontier transitions may involve a transfer from one market-based use to another; for instance, a transition from a productive to a tourist economy (Wolong), or from an agricultural to an ex-urban residential landscape (Indiana).
The initial in-migrants are typically organized into households based on primary family relations (e.g. spouse, child(ren)). The demography of the household including its size, composition, and possible fragmentation is an important factor in its use of land and its very survival on the frontier (McCracken et al. 1999; Brondizio et al. 2002; McCracken, Siqueira, Moran, and Brondizio 2002; Walker, Perz, Caldas, and Silva 2002; Vance and Geoghegan 2004; Entwisle, Walsh, Rindfuss, and Vanwey 2005; An, He, Liang, and Liu 2006) . Land tenure can range from squatter's rights to a completely deeded system in which land can be bought, sold, mortgaged, or inherited. Land-holding consolidation can be triggered by increasing integration with regional, national, and international markets; the development of productive or speculative land uses (e.g. due to governmental colonization and incentive programs); changes in agricultural strategies (e.g. from subsistence to commercial production); demographic transitions (e.g. children age and enter workforce); and the arrival of larger corporate interests (Vanwey, Brondizio, D'antona, Moran, and Siquiera 2004) . For instance, large landholders may displace small landholders through aggregation of property, leading to exodus of small landholders, rural depopulation, and thus a demographically 'hollow' frontier (Casetti and Gauthier 1977; Aldrich et al. 2006) . Alternatively, as the first generation of inmigrants ages or economic development makes non-agricultural properties desirable, fragmentation can occur as land holdings are divided among heirs or pieces are sold to other buyers (Pan et al. 2004; D'Antona and Vanwey, 2007) . Land consolidation and fragmentation may occur concurrently, implying that even a fixed distribution of parcel sizes may mask complex underlying dynamics (Aldrich et al. 2006) .
Out-migration is also frequently seen in frontier areas. First, success on the frontier depends on having the right combination of knowledge and skills, which some in-migrants lack (Moran et al. 2000; Sylvester and Gutmann, 2008) . Success may also depend on household size and composition, which determine both labor supply and subsistence requirements (Chayanov 1966) ; on establishing ties of mutual help and assistance with other households; and on establishing institutions with knowledge of the importance of environmental conditions (Vanwey, D'Antona, and Brondizio 2007) . Ultimately, some in-migrants find that conditions on the frontier are not as they had expected or simply do not succeed (Siqueira, McCracken, Brondizio, and Moran 2003) , and either return to origin or migrate elsewhere. This selective out-migration can, in turn, lead to the in-migration of new settlers to take their place, to land consolidation, or to land abandonment. Second, in cases where initial high fertility is combined with transitions to land uses with lower labor requirements and/or the emergence of external employment opportunities, as the children of the migrants reach young adult ages they may migrate in search of other opportunities (VanLandingham and Hirschman 2001, VanWey and Cebulko 2007) .
This discussion highlights several key drivers/processes and hypothetical outcomes.
• In-migration of a distinctly new set of agent types, possessing different technology, cultural preferences, and connections to external regions.
• A gradual process of market integration, potentially driven by increases in accessibility through improvements in transportation infrastructure, through the connection of the new agent populations with external regions, or both.
• A variety of land fragmentation vs. land consolidation outcomes in terms of both land ownership/management and land cover, potentially driven by relative changes in mortality and fertility, in-migrants' rates of success and failure and resulting outmigration rates, the degree of land vs. labor scarcity resulting from these processes, the levels of and variability in biophysical suitability of the area, and the particular land tenure and land transfer institutions present in each location.
• A variety of land tenure and land transfer institutions, whose development may be influenced by the degrees of land scarcity and market integration present in each location.
• Outcomes that may depend on individual heterogeneity (such as risk management strategies, risk preferences, knowledge, and resources).
• Outcomes that depend on biophysical heterogeneity (soil quality, topography, and climate).
Towards a meta-model of land-use change in frontier regions
Our ultimate goal is to understand how these elements cumulate to produce potentially diverse outcomes in frontier regions. In order to reach this goal, we need to answer several questions.
1.
What processes need to be included in land-use change models of these phenomena, and why is each process important?
2.
What conclusions have been drawn by models embedding these processes?
Can generalizations be drawn by comparing models developed for different regions?
In order to answer these questions, we compare four separately developed agent-based models of land-use change. In the next section, each of the four models is discussed in terms of the extent to which they explore the processes and outcomes discussed above, with primary focus on hypothesis tests and simulation experiments and their results. We focus our discussion on the representation and implications of six key elements (each cross-referenced to their location in the MR POTATOHEAD model, as illustrated in Appendix A). 6. Internal and external economic and institutional drivers. (A.1.4, A.1.5) How do internal markets exacerbate or mitigate relative resource scarcity? How have external drivers influenced rates of market integration, differential success rates between agent types, and ultimately, land-use and land-cover consolidation?
For each model, this discussion is preceded by a description of the research site and research questions/hypotheses, emphasizing the theoretical foundations that motivated the model structure and the disciplinary perspectives that have contributed to model development. A discussion of the experiments conducted using the model and their results follow the discussion of the general questions.
Case study descriptions
LUCITA
Research site and research questions/hypotheses-The Altamira site is a government-sponsored settlement area along the TransAmazon highway, to the west of the city of Altamira, Pará State, Brazil. The region was opened for settlement in 1970 (Moran 1981) . Settlers obtained provisional rights to 100-ha properties, universally rectangular and generally with 500 m of road frontage and 2000 m deep, with rights conditional on improving the property by clearing, cultivation, and the construction of homes and other infrastructure.
The study of population and environment interrelations in the Altamira study area began with ethnographic observations by Emilio Moran, made from the 1970s until the present, combined with a theoretical model of the developmental cycle of households drawn from anthropology (Goody 1958) . This model of the developmental cycle of households was combined with the concepts of age, period, and cohort effects from demography to hypothesize that land use (and land cover) in a particular property is a function of the age (developmental stage) of the owner's household, current macroeconomic conditions (period effects), and the time that the property was settled (settlement cohort) .
Initial research based on hypotheses about the developmental cycle showed the expected patterns of land cover change over time, based on analyses of satellite data from all properties in the region (McCracken et al. 1999; Brondizio et al. 2002) . These analyses and the conceptual model guiding them assumed that settler households arrived at the first stage of the household cycle, but empirical analyses showed a great deal of variability within cohorts on both demographic and land use variables . More recent work in this study area has distinguished the effects of time since arriving on a property (settlement cohort) from the effects of household life-cycle stage, and found that the time since settlement on the property (in this region, this is most often the time since any settler arrived on the property) was the important explanatory variable (Vanwey et al. 2004 ). The life-cycle stage of the household, and in fact the demographic composition of the owner's household, have no significant effects on property land use ).
Spatial data structure-In the study area, parcel sizes remained relatively stable during the first 30 years since initial settlement. Some land consolidation has begun since 2000, but the 100-ha units remain visible in the fishbone pattern, very much as does the homesteading grid in the Midwestern USA. The LUCITA simulation represents individual households as agents that interact with each other and a set of georeferenced raster grids, representing soil quality and land use, where each cell in the grid covers one hectare. Cells in the land-use grid are allocated to individual properties in a pattern that matches the 100-ha farm plot configuration laid out by the Brazilian Government prior to colonization. The boundaries of the parcels do not change during simulation runs. Each household agent occupies one property, consisting of approximately 100 cells.
Land suitability and resulting potential land uses-Early research on this study area showed the importance of soil fertility (Moran 1981; Moran, Brondizio, and McCracken 2002) . In the simulation model, within the soil grid, each cell uses a set of regression equations to adjust nutrient values and crop yields in response to the land use activity occurring on the corresponding cell in the land-cover grid. The land-use grid represents a variety of states including forest, secondary succession, annual crops, perennial crops, pasture, or road.
The varied land-use knowledge, cultural preferences, and capital of indigenous vs. in-migrant land users-Early research on this study area showed the importance of agent heterogeneity, including access to credit (Moran 1981) . Households vary in previous agricultural experience (e.g. 30% of the first settlers were urban residents) and in their previous experience making land-use decisions (some were sharecroppers, while others had been landowners). This translates into differential skills in making land management decisions. Farmers with less knowledge of land-use potential are unable to select the best parcels on arrival or to allocate land to the most productive uses from the beginning. Both cultural preferences (e.g. for cattle production vs. other productive uses of land) and capital are important determinants of subsistence vs. market-oriented production, and of cattle production. Demographically, some households have as many as 14 children, whereas others have as few as one or two.
In the model, individual household agents employ heuristics (context-dependent decisions based on pre-defined rule sets) to make choices on a cell-by-cell basis regarding the land use strategies to pursue including annuals, perennials, or pasture. These heuristics were designed to capture the decision making inherent in the conceptual model of household trajectories outlined in McCracken et al. (1999 McCracken et al. ( , 2002 . Land-use decisions are governed by the subsistence requirements of the household, the capital and labor resources of the family, and the quality of the local soils. Within the simulation, household agent parameters can be set to create a homogeneous population of agents, or adjusted to fall within a range of values that corresponds to the characteristics of the families that arrived in each of the cohorts. This creates a heterogeneous population of agent households. Analysis of remotely sensed images of the study area has revealed large differences in patterns of land use from one property to the next . These differences are seen both within and across cohorts of settlers, indicating the importance of capturing heterogeneity within the household agents.
Non-spatial social networks-Social networks tie families together across multiple properties and link family members living in both rural and urban areas. Further, networks link families with similar religious, ethnic, or cultural backgrounds. At this time, no social networks are explicitly represented in LUCITA, and systematic, quantitative data are not currently available on the extent to which they might be important.
Land exchange-With property boundaries established prior to colonization, and settlers given provisional rights to a property upon arrival, land tenure is relatively secure. Altamira is characterized by a relatively underdeveloped land market and medium to low levels of land turnover. Land sales/transfers are generally between individuals and do not involve any financing. These sales are generally not managed by brokers. There is therefore no relationship between property size and household size. Land institutions remained relatively stable during the 1970-2000 study period. No real estate market exists within the model. In the simulation, properties are abandoned, and available for occupation by a new arrival, if household agents become bankrupt and are removed from the simulation. Properties can also be passed from one generation to the next within one household.
Economic and institutional drivers-In both the case study and LUCITA, important agent interaction occurs through a local labor pool composed of farmers who have failed or have been removed from their plot due to the incurrence of excessive debt. Only household heads participate in this labor exchange in the model. A household is able to seek out laborers when it has sufficient capital to meet its labor demand. The price per hour for wage labor is homogeneous for all laborers. Early research on this study area also showed the importance of inflation, government credit and extension programs, and price fluctuations (Moran 1981 ). These are not currently captured in the model.
Experiments conducted-A series of simulations were run using LUCITA (see Table 1 ), starting with a homogeneous set of agents (Lim, Deadman, Moran, Brondizio, and McCracken 2002) . Following this, the effects of agent heterogeneity (cohort effects) were explored by varying the input parameters for the agents in each set of simulations. These cohort effects were examined by conducting simulations in which agents are added in such a way as to represent the cohorts that arrived on the frontier over time. Household agents were allocated to plots using a randomized procedure that favored the occupation of plots along the main highway and closer to the city of Altamira (Deadman, Robinson, Moran, and Brondizio 2004) .
Starting with a homogeneous collection of household agents and no outside source of labor, we observe that the agents in the simulation tend to follow a pattern of land conversion that was theorized in the conceptual trajectory . Upon occupation of the property, a significant portion of the land is deforested and put into annual production. This initial surge of deforestation is followed by a period of reduced but variable annual deforestation rates. Over the first few years, household agents establish themselves in the frontier, accumulating wealth and labor (through aging children) that eventually allows them to increase perennial and pasture production. In a typical simulation run, the total amount of land in perennial and pasture uses surpasses annual production at around year seven. After this point, the model continues in the expected trajectory in which the next period of cultivation is dominated by perennial crops and pasture (Deadman et al. 2004 ). Sensitivity analysis with respect to input parameters of the simulation indicates that, as expected, households with more resources (labor and capital) deforest properties more rapidly than those with limited resources (Deadman 2005 ).
Parameterizing the model to reflect the demographic characteristics of the different cohorts of households outlined in Brondizio et al. (2002) results in changes to the overall deforestation rates produced by the simulation, but no discernable trends. More significantly, the addition of a labor market, in which cheap outside labor is readily available, reduces the effects of household demography on deforestation rates. With readily available, cheap outside labor, households need not depend on their own labor when making land use decisions. Finally, household agents settling on previously occupied properties behave significantly different than those who settle on forested properties. On previously occupied properties, agents do not follow the theoretical trajectory, but show low rates of deforestation. As would be expected, household agents are not removing established perennials or pasture to plant annuals. These results indicate that further work is needed to explore property and period effects in the simulation.
IMSHED
Research site and research questions/hypotheses-Wolong Nature Reserve is located in Sichuan province, southwestern China. It is home to over 4400 people and approximately 150 giant pandas (Ailuropoda melanoleuca). The giant pandas are one of the most endangered species in the world. Pandas rely on forests and understory bamboo as habitat (Schaller, Hu, Pan, and Zhu 1985) . The conflict between humans and pandas arises primarily from their need for and competitive use of local forests. Despite the availability of electricity as a substitute, local residents collect fuelwood for household heating and cooking. In addition, the increasing human population and household numbers also contribute to habitat loss Liu et al. 2001; An, Lupi, Liu, Linderman, and Huang 2002; An, Linderman, Shortridge, Qi, and Liu 2005; Linderman et al. 2004 Linderman et al. , 2006 ). We developed a model 'Integrative Model for Simulating Household and Ecosystem Dynamics' (IMSHED) to address the question of how economic drivers and migration trends combine to affect forest resource exploitation and subsequent habitat degradation . Using the theory of complex systems, IMSHED explores how heterogeneous properties at the individual/household and pixel level, along with local interactions or feedbacks between individuals/households and the environment, would affect the emergent spatio-temporal dynamics of panda habitat.
This is a multi-disciplinary model, where face-to-face interviews and fieldwork have familiarized us with local lifestyle and critical threats to panda habitat. We conceptualized our framework in three sub-models: (1) human demography: life history of individuals and history of households are simulated based on the 1996 national agriculture census and 2000 population census data, including detailed demographic and socioeconomic data; (2) local ecology or landscape: the model accommodates spatial distributions of various forest types based on Landsat images (Linderman et al. 2004) , and their volumes and growth rates based on literature (Yang and Li 1992) ; and (3) socioeconomics: our 220-household in-person interviews conducted from 1998 to 2001 were used to parameterize potential demands for fuelwood and electricity, which are connected to a set of demographic and socioeconomic factors.
Spatial data structure-The model IMSHED is embedded on a real-world raster landscape that includes slope, elevation, and forest cover. As the land of each household is primarily located around each house and parcel sizes are institutionally fixed, we did not record the boundaries of land parcels, but instead represented households as point locations with parcel size as an attribute. Each physical household is parameterized with individual household members at the start of each simulation based on our census data. IMSHED models spatial locations and demographic dynamics at both the individual and household levels. For instance, the land of a parental household may be subdivided, and part of it may go to the child's household. Controlled by empirically based exogenous parameters, such as fertility and migration rates, the life history of each individual is simulated from birth (or the beginning of simulation) to death (or the end of simulation), including marriage and reproduction. Households may expand (increase in the number of people), shrink, become established at certain locations, or dissolve.
Non-spatial social networks-The model is structured to accommodate growth in the number of households. Adult children can split off and form new households. Households that have kinship relations, such as a child household and a parental household, are usually located close to each other and share information (e.g. a person would not marry another person with the same father ID or mother ID). The above specifications, together with other rules, are designed to make household dynamics (e.g. timing, location, and number of new households) as realistic as possible.
Land suitability, land-use knowledge, and land uses-This model assumes the land used around each household to be homogeneous, since only land area and not farmland productivity affect fuelwood demand . Cells are classified into deciduous forest, coniferous forest, a mix of deciduous and coniferous forest, and non-forest. Forest growth is governed by biophysical models (based on average growth rates) (Yang and Li 1992 ).
Households have a certain level of memory -they continue to collect fuelwood at the same location (beyond their farmed parcels) until the majority of its trees are cut, after which they are free to move to other areas with abundant trees. Thus, through household-specific fuelwood collection, the dynamics and spatial distributions of households are linked to the changes in forest volumes and locations of forest cells, which ultimately affect panda habitat.
Land exchange-Households are only allowed to use the farmland apportioned to them when the 'household responsibility contract' system was implemented (around 1980). Households do not own their land according to China's laws, but can give a portion of their land (and the usufruct) to their children. Thus IMSHED focuses its land use analysis on forest cells that may affect panda habitat, rather than on agricultural land development or exchange.
Economic and institutional drivers-Local economic drivers of fuelwood consumption are built into IMSHED. The decision model at the household level determines how much fuelwood would be needed for a household of that specific size and age composition and where that fuelwood will be collected. Fuelwood is also used to cook pig fodder (from potatoes grown on farms), and the pork or bacon is sold to tourists. (Although pigs could survive on raw food, most of the local households believe that raw food limits the growth of pig, producing lowerquality pork.) Thus, there exists a positive relationship between farmland area and the amount of fuelwood used to cook pig fodder. The number of tourists (which affects demand for pork) and the price of electricity (a substitute for fuelwood; itself affected by government incentives for its adoption) are other economic factors affecting fuelwood demand .
Experiments and results-We conducted experiments to explore the impacts of family planning, migration, and economic factors on long-term spatiotemporal dynamics of population size, household numbers, and habitat area (see Table 1 ). We first conducted experiments on family planning factors. Higher marriage ages led to slower rates of increase in household numbers and total population and lower rates of habitat loss. We found, consistent with our initial hypotheses, that habitat responds more to change in household numbers than to population size per se. Similarly, we tested effects of time between marriage and first-born child, time between two consecutive births, and fertility rates. Each factor affected household numbers, population size, and habitat as expected, with factors that slowed household and population growth also slowing habitat loss. Again, all responses exhibited temporal lags and non-linear paths ). Next, we tested the effects of economic incentives and found that modest electricity subsidies would save a substantial amount of habitat, while causing no changes in population size and household numbers. Last, we tested the effects of several migration factors. When the proportion of people between the ages of 16 and 22 who go to college and migrate to cities was increased, population was quickly reduced relative to the baseline case, with population differences increasing over time. Household numbers decreased relatively with a four-to eight-year time lag. Habitat increased in relative terms with a longer lag. This confirmed our hypothesis that migration factors would have a time lag in conserving the environment, but would eventually be effective. In addition, compared to other types of out-migration, migration of young people to cities leads to more and faster decreases in population size and household numbers, saving more habitat.
SYPRIA
Research site and research questions-The Southern Yucatán Peninsular Region (SYPR) is a forested landscape that is a global hotspot of biodiversity and home to a burgeoning rural population engaged primarily in agriculture. The Southern Yucatán Peninsular Region Integrated Assessment (SYPRIA) model represents actors and institutions with an agent-based model and ecological systems as a cellular automata (see Parker et al. (2003) for similar frameworks). SYPRIA demonstrates how land-use change results from dynamics among actors such as agricultural households, between actors and institutions such as the market, and between actors and dynamic ecosystems (Manson 2000 (Manson , 2004 (Manson , 2005 (Manson , 2006b ).
SYPRIA models land change in the study region from 1970 onward. Modeled agents have individual characteristics that guide their behavior (e.g. each household-agent has individual labor or capital endowments) and interactions (e.g. local governmental institution-agents subsidize some households and not others). Actors make production choices based on institutional and environmental factors, such as the effects of soil quality and water availability in siting cultivation. Actor decision-making is represented via heuristics, econometric models, and computational intelligence approaches. The environment sub-model modifies the landscape based on past actor behavior, particularly agricultural land use, and endogenous environmental dynamics, such as forest regrowth. The actor, institution, and environment submodels are calibrated and evaluated with a variety of data sources, including remotely sensed imagery, household interviews, and ecological field research.
Spatial data structure-Agents exist in a model landscape represented by a twodimensional raster grid. Real-world locations have corresponding grid cells in the computational landscape that store variables representing features such as land use, soil type, and political jurisdiction. Agents have multiple land holdings that correspond to real-world parcels, which allow agents to change the location of production activities according to household needs. Holdings change with the size of the household and institutional limits.
Non-spatial social networks-Real-world agents interact with neighbors, through economic submarkets (such as agricultural cooperatives or middlemen that provide information to farmers and buy produce), and with members of their cultural group (defined by ethnicity or home state of immigrants). In the model, actor membership in networks is defined by location (actors with neighboring plots or sharing a land tenure region), economic submarkets, and cultural affiliation. SYPRIA uses graph theory to describe networks as graphs of nodes connected by edges. In model terms, agents (nodes) are connected via relationships (edges) that constitute these social, cultural, or economic networks (graphs). Actor behavior is affected by position and structure of the networks, but only indirectly insofar as they are defined by the edge weights and structure of the network.
Land suitability and resulting potential land use-The model focuses on just a few of the possible types of cultivation found in the SYPR, namely subsistence agriculture and various kinds of small-scale, market-oriented cultivation. Household actors decide among potential land uses on the basis of personal characteristics (e.g. age or labor availability) and external factors (e.g. institutional limits on land use or environmental characteristics of a given parcel). Household decision-making balances the risk minimization of subsistence agriculture against income maximization of market-oriented agriculture. Land suitability exhibits path dependence in that farmers use a fallow-crop rotation in their holdings. Past land use and land degradation from invasive weeds or runaway forest fires influence present land choices.
Indigenous vs. immigrant household populations-
The balance is important to the region, because immigrants bring both new people and new techniques. SYPRIA considers these differences in terms of land productivity by adding these practices under the array of land practices available to actors. In general, agents are limited to initial land uses associated with personal characteristic, such as ethnicity, but strategies may be shared over time among agents, and their relative success will influence the probability of adoption.
Land exchange-In terms of land excahnge and supporting institutions, the Southern
Yucatán is moving with the rest of Mexico from a communal property regime to a private property system. Under communal property, land parcels are available on a first-come firstserved basis, but institutions impose conditions, including access controls associated with biosphere or forest reserves and land tenure regimes imposed by communal land councils that coordinate land use. Currently, only the communal property regime is modeled.
Economic and institutional drivers-The move towards private land tenure is one of the most notable of several external economic and institutional drivers that influence land use. Also important is continued migration (in and out of the region) and increases in intensive market agriculture to supplement extensive subsistence agriculture. In model terms, actors can choose market agriculture, among other options, if they have the requisite personal resources and institutional support. Markets are exogenous to the model in that national and international markets determine the prices of most goods, especially market-oriented crops, like chili or citrus, as well as costs of inputs, such as agricultural inputs like fertilizer or pesticides. A population institution controls demographics that are exogenous to households. Immigration, household age, and other demographic transitions occur at pre-determined rates based on an exogenous demographic model.
Experiments and results-SYPRIA uses multiple approaches to scenario building and model evaluation. Like other agent-based models, SYPRIA has modifiable sub-models that allow the modeler to assess the role of demographics, land policy, and environmental dynamics in land change. Several comparisons were conducted (see Table 1 ) (Manson 2003 (Manson , 2004 (Manson , 2005 (Manson , 2006a . First, we assessed how well the model could project future agriculture as a function of projected population by comparing projected land use, as a function of population, to actual land use in the region. We found that short-term (ca. 10-year) population projections worked surprising well in capturing actual land use. In contrast, simple linear or even more complex polynomial land-use extrapolations performed poorly because they ignored transitions in land use intensity as a function of household structure. In essence, the extrapolations did not account for parts of the study site that have relatively large numbers of aging households. These households have moved to smaller, more intensively managed plots and off-farm income sources, reducing the rate at which new land is converted to agriculture. Third, the model compared a 'business-as-usual' scenario of extensive agriculture with a scenario that assumed a greater role for market agriculture as Mexico began to relax restrictions on trade and land ownership. The latter scenario better captured the evolving situation in the region, especially the growing propensity for intensive market-based agriculture that reflects greater integration of the region with national agricultural commodity markets. Finally, the model assessed the effect of greater household mobility under reforms that move the region from a communal property regime to one in which households move freely. In spite of the institutional change, the model found little evidence of households moving, a finding that is increasingly supported by anecdotal evidence in the region that households do not see a real need to move.
LUCIM Research site and research questions/hypotheses-The LUCIM (Land-Use Change
In the Midwest) model was developed for a study site in south-central Indiana. The land use process represented in the model is a transition from a state of deforestation to one of forest regrowth. The area has essentially experienced two waves of in-migrant land users, with the first wave settling under land grant incentives designed to populate the western US in the nineteenth century. Members of this initial immigrant group often arrived with little knowledge of farming, or brought farming techniques from their previous location that may not have succeeded given local conditions (Parker 1991) . The peak of deforestation in Indiana occurred in the early twentieth century, a time when the timber-fed furniture industry in the area was very robust. The exuberance of land clearing led to the cultivation of areas unsuitable for the long-term agricultural production that normally followed timber harvesting. During the depression of the 1930s, many farming households abandoned marginal land, and much of this land has transitioned from crops/pasture to forest during the twentieth century. The majority of reforestation has occurred on private land holdings. However, a substantial amount of marginal agricultural land area was placed under public land management (state and federal forests), which has also reforested. Thus, the majority of forest regrowth seen in the study area occurred in areas of steep topography and, to a more limited extent, shallow slope areas prone to flooding. Ultimately, the forest regrowth seen in the study area has resulted in a lessfragmented landscape, with small patches of non-forest transitioning to forest. While much of the land cover has been remarkably stable over the past 60 years, a subtle but steady increase in forest cover is the dominant land cover change process in Indian Creek Township.
The LUCIM study area is relatively rural, but it has recently been affected by exurban expansion of Bloomington, IN, the largest nearby urban area. With this exurban expansion there is a greater diversification in the types of landowners in the study area. This process has particularly resulted in a larger number of landowners who rely more on wage labor for income than on extractivist land uses, as was more the case in the early twentieth century. Interestingly, the forest regrowth phase has come at a time of population increase in the study area. While population increase is commonly associated with deforestation in developing countries, our study area presents a case of increasing population density and increased forest cover that mirrors the dynamics suggested by Forest Transition Theory (Mather 1992; Mather and Needle 1998; Foley et al. 2005; Evans and Kelley, 2008) . As such, the Indiana case is quite distinct from the other cases, but a frontier none the less.
Spatial data structure-LUCIM is a raster-based model with households as the primary decision-making agents, who are tied to discrete landscape partitions defined by land ownership boundaries. Land consolidation and household demographics are not explicitly incorporated into the model design.
Non-spatial social networks-New survey data demonstrates spatial correlation of land cover and land-use preferences that could be consistent with information transfer through social networks. However, in the absence of detailed data for validation of social network and information transfer assumptions, at this stage of the model, households do not transfer information or adopt behaviors of others.
Land suitability and land uses-The majority of land in the region is poorly suited for agriculture, but well suited for high-value hardwood timber production. The availability of these timber resources facilitated a subsistence lifestyle for initial immigrant populations, potentially reducing the need for integration with external commodity markets (Parker 1991) , and therefore reducing the influence of external commodity prices on local land-use decisions. As land consolidation occurred following abandonment of marginal lands, the influence of external commodity prices became more pronounced. LUCIM models the influence of land heterogeneity on agricultural and timber productivity through a parcel-level calculation that fits a landscape fragmentation statistic parameter in the model calibration process. Parcels with homogenous landscapes produce a low value for this fragmentation parameter in the calibration process, while parcels with heterogeneous land cover produce a high value. LUCIM also endogenously regenerates soil fertility when in a forested state, and decreases soil fertility when in an agricultural state in the absence of inputs. The rolling hills, karst topography, and mix of forest and farmland make the area regionally renowned for its aesthetic beauty, setting the stage for the current increase in rural residential land development. The model also calibrates a parcel level parameter that is a representation of the aesthetic value landowners associate with forest areas. Parcels with abandoned agricultural area that has transitioned to forest produce a high value for this aesthetics parameter.
Indigenous vs. in-migrant land users-Most present-day landowners in the study area receive the majority of their income from off-farm activities. This lower reliance on income from the land suggests that this group has a wide range of non-pecuniary values for the land, including aesthetic enjoyment and a desire to preserve land for future generations (Koontz 2001) . In LUCIM, household agents make decisions based on a calculation of expected utility of a set of potential land-use transformations in comparison to the utility of existing land uses. Parameters related to agent values for aesthetics and off-farm agent income allow nonpecuniary factors and wage labor opportunities, respectively, to be implemented in the model.
Land exchange-Land values in the study area have grown slowly or have been largely stagnant over the study period. From 1939 to 1998, the study area has not seen strong development pressure from urban expansion, although rural population density has increased, mostly due to active conversion at the still-small urban/rural fringe. Because of the relatively moderate growth pressure, land exchange is not modeled at this stage in LUCIM.
Economic and institutional drivers-The institutional arrangements that governed land distribution and land tenure rights in the American West required residents to clear and farm land in order to gain permanent land tenure rights. Combined with high timber values, the result was development of an institutionally driven, but economically unviable, agricultural economy in the region. Through the twentieth century, the influence of commodity prices, especially for corn, soybeans, and timber, gained importance. In LUCIM, a change in the ratio of prices for corn vs. timber would induce land-use changes. However, the relative price of crops to timber did not change dramatically for most of the study period, with the exception of the late 1990s. While the long-term average prices of crop and timber increased at roughly the same rate from 1940 to 1990, crop prices were more volatile during this period than timber prices, which can certainly affect land use decision-making. However, the temporal resolution of our observed land cover data (roughly every 10 years) does not allow us to validate the model on a yearly time scale, so we are unable to make firm conclusions regarding the impact of this difference in price volatility from our model results. Institutional forces are relatively weak in the study area, with zoning playing little role in land use dynamics during the study period.
Experiments and results-The model was initially calibrated to determine what individual
household agent decision-making parameter values best explained observed aggregate land cover and fragmentation patterns. This model fitting process demonstrated that the majority of agents in the model do not fit a utility-maximizing definition of agent behavior (see Table 1 ).
Model results have demonstrated that the aggregate land cover change dynamics in Indian Creek Township are best produced by a set of decision-making agents with heterogeneous land-use preference parameters (both pecuniary and non-pecuniary land values) (Evans and Kelley 2004) . We have also used the model to develop explanations for the timing of agricultural abandonment and forest succession in the study area (Evans and Kelley, 2008) . In these model runs, we varied the assumption of forest age at the beginning of the model run (which is related to timber value) and the harvesting cycle employed by landowners. From these exercises, we concluded that the time of peak deforestation was in the very late nineteenth or early twentieth century, which confirms generalized reports of forest transition in Indiana.
The agent-based model is one component of an integrated research design that includes household surveys and lab-based decision-making experiments designed to explore key land use theories (Evans, Sun, and Kelley 2006) . The integrated findings suggest that land-use policies designed for a particular land owner type are likely to have diverse impacts given the diversity of incentives driving land owner decision-making. The transition of landowners from pecuniary to more non-pecuniary incentives, in particular, poses a policy challenge for the preservation and protection of forested areas.
Synthesis and discussion
Achievements and limitations of analyzed models
To what extent do the four models analysed here address the key questions put forth in section 2? We find, as expected, that some elements identified as important are modeled in a detailed fashion by all models, that some elements are uniquely covered by certain models, and that some elements are not modeled at all. Our analysis relies both on the model descriptions from section 3 and Figures 1-6 in Appendix A.
Spatial data structure and land exchange-No dynamic evolution of parcel boundaries occur in LUCITA (Altamira), IMSHED (Wolong), and LUCIM (Indiana), although land exploitation patterns evolve dynamically in IMSHED. SYPRIA (Yucatán) represents some parcel evolution, although transfers are institutionally constrained in the region. Although IMSHED, LUCITA, and SYPRIA each have fairly sophisticated models of household demographics (A.3.2) , IMSHED alone represents the process of demographically driven household division and the subsequent spatial expansion of households. The relatively static nature of spatial boundaries in each model is reflected in the fact that none of the models implement land transfer rights (A. 1.4) , and the limited land-transfer mechanisms and exchange rules for the four models do not include the possibility of market transactions (A.5.1-A.5.3) . This lack of focus on land tenure and land exchange, while it reflects the situation as it exists now or recently in particular individual sites, confirms the identification of this area as an important one for research (Parker and Berger 2002) .
Given the potential importance of land exchange and its effects on land fragmentation or consolidation, this absence suggests that an interesting set of 'what-if' scenarios could be conducted for several of the study sites by implementing a broader set of land tenure rules and exchange mechanisms, and allowing agents to exchange land under these new rules. (Modified models could draw on prior and more recent examples of ABMs that implement land markets (Berger 2001; Happe, Kellermann, and Balmann 2006; Polhill et al. 2008 ). These models could be combined with vector-based parcel subdivision algorithms, such as those implemented by Alexandridis and Pijanowski (2007) .) The results may be particularly interesting for both the LUCITA and SYPRIA sites, as they are reaching a stage where more land market activity and land transfers are likely. Land consolidation has begun in earnest since 2000 in the LUCITA site, particularly near the city of Altamira and far from the TransAmazon on feeder roads. Near Altamira, one is likely to see well-capitalized properties dominated by cattle ranching, but also a continuation of the 100-ha properties producing intensive crops for the urban consumers. Some of these properties may become fragmented through sale and inheritance. Further away, less well-capitalized cattle ranches will predominate in areas with poor soils. Considering the context of complexity theory, land exchange and land-use successions due to intense human activities are likely mechanisms leading to instability and rapid shifts from one system state to another.
Non-spatial social networks-Both IMSHED and SYPRIA include non-spatial social networks, which significantly influence model outcomes. In IMSHED, the social network established through kinship relations helps the agents to 'know' who in the neighborhood they can and cannot marry, and thus influences decisions regarding when to marry and where to establish their households. Preliminary research in SYPRIA demonstrates the importance of kinship and neighborhood-based networks in transmitting cropping strategies, while cultural networks constrain and inform production choice. The social network representations in the agent-based models of land use reviewed here can be viewed as first steps towards a fully endogenous social network representation.
A more complete treatment of social networks would acknowledge that: (1) individuals and households are enmeshed in more than one potentially relevant set of social relations; (2) social network position and structure are relevant to multiple outcomes, including, but not limited to, land use; (3) social network position and structure are potentially endogenous, the consequence of other processes in the model. For instance, kinship and neighborhood-based networks may overlap to varying extents (Entwisle, Faust, Rindfuss, and Kaneda 2007) , with consequences not only for land use directly through the sharing of information and (possibly) assistance, but also indirectly through consequences for related processes of migration, marriage, and household formation. Frontiers are particularly important strategic sites to study the importance of social networks for land use and other processes. While social networks are always dynamic, frontiers are characterized by higher than normal levels of change in networks due to the confluence of indigenous residents and in-migrants from multiple origins. Indeed, some effects of the region of origin or ethnicity that we currently see in models might actually be social network effects. Agents with similar characteristics (e.g. represented by cultural identity in SYPRIA) may act similarly not because of culturally defined preferences or measured characteristics, but because of diffusions of innovation within a social network.
Land suitability and resulting potential land uses-Consistent with Parker and Berger's (2002) finding that ABM/LUCC models have successfully implemented socioeconomic/biophysical linkages, all of the models closely link biophysical suitability to land use (A.2.1). In fact, they demonstrate application of a range of biophysical process models, from endogenous soil fertility, to vegetative succession models, to invasive species spread.
The endogenous suitability models have facilitated demonstration of a series of results with the models, including how temporal lags and path-dependence of land uses can lead to parcel life-cycles (LUCITA, SYPRIA) and how heterogeneous topography can attract a heterogeneous agent population (LUCIM). The biophysical process models embedded in LUCIM also suggest a future transition for the region. LUCIM indicates that the rate of reforestation is slowing, suggesting that much of the area that is marginal for agricultural production has already transitioned from agriculture to forest. This process suggests there may be an artificial limit to potential reforestation given a particular social and economic context. The reduced rate of reforestation in coordination with the looming process of exurbanization may result in the cessation of forest recovery and possibly a transition to forest cover decline in the study area, particularly as high-density residential development becomes more prevalent.
Land-use knowledge, cultural preferences, and capital of indigenous vs. inmigrant land users-SYPRIA is the only one of the four models to focus directly on interactions between indigenous and in-migrant land users, allowing direct exploration of the process through which a new land use can percolate through the social and physical landscape. However (again consistent with areas of success to date found by Parker and Berger (2002) ), all four models implement agents who are heterogeneous in multiple dimensions (A.3.1). LUCIM implicitly represents differences between the first wave of migrants, who rely more on profits from use of the land for household income, and the second migrant wave, which places a higher value on aesthetics. Both IMSHED and SYPRIA also represent cultural identity and cultural norms (A.3.1), thereby providing a mechanism for differentiating in-migrant populations. In a separate work, Manson and Evans (2007) find that agent heterogeneity plays a key role in both the deforesting (SYRPIA/Yucatán) and reforesting (LUCIM/Indiana) study sites.
Economic and institutional drivers-All four models examine effects of prices (input, output, or both) on land-use decisions. Three of the four also include subsistence costs, and two include subsidies. Two local markets are represented -labor and food for touristsalthough they do not model an endogenous price for the locally marketed good. In spite of the importance of local markets for subsistence crops that was identified, none were in the models. Especially for the LUCITA and SYPRIA study sites, it may be worth revisiting whether exclusion of this market could be biasing model results. In LUCITA, the credit programs that have been run at different times by the Brazilian government are an important economic driver that needs to be addressed. Both IMSHED and SYPRIA model incentives created through exogenous institutions, and SYPRIA uniquely tackles the challenge of modeling institutions as independent actors who interact with household agents.
Some of the most interesting and policy-relevant results from these modeling efforts come from the model experiments. These experiments allow us to see what would have happened had certain model inputs differed, and to look into the future and ask what will happen if we introduce certain policies. The particular strength of the modeling approach is that it allows us to get beyond findings that merely replicate (using a new method) already known patterns to understand implications for other parts of the coupled human-environment system. For example, while any demographer could tell you that a decline in fertility has a lagged suppression effect on population growth, the IMSHED model allows us to show the timing of its effect on panda habitat area relative to the timing of the effects of electricity subsidies or out-migration of various age groups. LUCITA demonstrates how the existence of an active labor market mediates effects of household demography on land clearing trajectories. Similarly, the LUCIM model goes beyond showing that forest regrowth is most common on steep slopes to show how that interacts with the in-migration of residents who gain aesthetic utility from forests.
Beyond these findings from individual models, the results suggest important experiments to be conducted using these four models. Experiments using both IMSHED and LUCITA show the importance of changes in age structure -IMSHED through differences in the age structure of out-migration and LUCITA through the age structure of in-migrants in different cohorts. LUCIM and SYPRIA could conduct similar experiments to examine changes in the age structure of relevant groups -out-migrants from the SYPRIA site and in-migrants in the LUCIM site. The results would show land use patterns likely to result from policies, such as government funding and policy on schooling in Mexico and inheritance and health care provision in Indiana. Similarly, results on the importance of mechanization of agriculture and land tenure from experiments in SYPRIA could provide lessons for using LUCITA to predict the effects of government support for mechanized agriculture or enforcement of land tenure laws in Brazil.
These and other ideas for the improvement of existing models are the product of our 'retrospective' approach to comparative modeling. The effort reported here was manageable with essentially no budget because team members had already developed multi-agent models for the sites where they had been working, using data from those sites that had been gathered as part of projects funded earlier. Because these models were designed and implemented independently by different research teams, they have relatively little in common in the foci of experiments and elements included. This opportunistic approach allowed us to carefully examine the challenge of cross-site generalization, which will be an important component of moving the land-use science community forward. We found the effort to be fruitful for the future development of each model, with results from one model suggesting future directions for other models. Yet, we found at many junctures that it would have been helpful to rebuild some of these models and to collect additional data for the sites to aid comparability, as well as run the different models on data for each of the sites to gauge the implications of differences in models, sites, and data availability. The next step, therefore, is to take the included elements in these models, as well as the elements excluded from all of them, and develop a prospective comparative modeling project in which completely comparable models are implemented across sites. We turn now to a first set of recommendations for how to develop such models, not necessarily requiring implementation by a single research team.
The way forward
Comparison of outcomes across models is hindered by the fact that by comparing models across sites, we are essentially assuming that model behavior would not change outside the range of the data used for model parameterization. In the future, if each model appears as a special case of a common, generalized agent-based simulation model within a single code base, this generalized model should let us explore the extent to which the conclusions drawn herein depend on the current empirically established model parameters, to explore the implications of error and uncertainty in data used for model creation, and to further explore thresholds that we expect to appear outside current parameter values. A code-instantiated generalized agentbased model will thus create a global parameter space that can be more fully explored via computational experiments. It is our belief that the land-use science community can work toward such a model through the collection of a core set of comparable data and the implementation of models with common elements by disparate research teams, but we are not so naïve that we think that this effort will emerge easily or spontaneously. However, the drivers and processes outlined in Section 2 can provide a guide for design of data collection protocols.
One obvious, but nonetheless significant, lesson is the importance of conceptualizing a model at a high level of complexity during the design stage to allow the research team to think about what is possible and what is necessary in terms of data collection. The frontier version of the MR POTATOHEAD meta-model presented here can be used as a starting point for discussions to identify critical sub-models and processes. Model complexity then can be stripped down as development, testing, verification, and validation progress. For example, if knowledge of the study area shows that changes in parcel boundaries are one of the most important correlates of land-use change, and the research team wants eventually to model these as endogenous, this suggests the need to collect substantially more boundary change data than would otherwise be necessary. Instead of working only from administrative records showing property boundaries and owners, the research team would develop a theoretical model of land transfers and collect relevant data on all actors (e.g. realtors or brokers). Some data cannot be collected retrospectively, especially data on social networks, additional actors, motivations, etc. Some data are not available for a given study area without prohibitive expense. Therefore, the highest level of complexity should be anticipated in the design of the study to ensure that adequate data are available and collected, allowing eventual production of the best model of the focal processes.
Several of us are now in the initial stages of developing multi-agent models in Amazonian Ecuador, northeastern Thailand, and the China-Laos border area, and we can use these case studies as examples of how we might implement the lessons of our comparative analysis.
Spatial structure and interactions among agents vary across sites. In Amazonian Ecuador, ongoing efforts face some of the same issues as seen in LUCITA (Walsh, Messina, Mena, and Malanson, 2008) , and spatial patterns there can be better simulated if the piano-key shapes of farms are imposed as an exogenous constraint. Since multiple land uses appear within a single parcel, the spatial data structure modeled in LUCITA (multiple decision-making units per parcel, A.1.1) could be followed also for a model of Ecuador, with the exogenous constraint on parcel location, size, and shape as a new aspect of spatial data structure not yet detailed in the MR POTATOHEAD model. In northeastern Thailand, parcels are often clearly delineated fields, but many households own a number of non-contiguous parcels, meaning that a 'multiple parcels per agent' spatial data structure (as used by IMSHED and SYPRIA, A.1.1) is appropriate.
Non-spatial social networks are likely to be important in the Thailand case in the context of rural-urban migration and the influence of remittances on land use. For the Thai site, there is a complete enumeration of all of the households in many villages and their social interconnections (Entwisle, Malanson, Rindfuss, and Walsh, 2008) . These social ties affect, and in turn are affected by, all of the demographic outcome variables. We believe that such networks, primarily those extending out of the study area, are important in Amazonian Ecuador in determining where in-migrants will settle in relation to market centers (i.e. near people from the migration origin) and thus affect community development, which in turn affects land use (Pan and Bilsborrow 2005) . Additional efforts to model rubber adoption across the Yunnan border into Laos are guided by efforts to include cultural heterogeneity and knowledge bases as village or household characteristics, reflecting village and household membership in certain networks.
Land suitability constrains land-use choices everywhere. For example, initial attempts to model forest conversion to rubber plantations in southern Yunnan, China, have been aided by delimiting the slopes and elevations that experience freezing temperatures. A remaining challenge is to endogenize changes in suitability as a result of land use in ABM (Yadav and Malanson 2008) . The endogenous soil fertility and vegetation models used for the four case studies (A.2.1) can serve as models to follow. An important question arises as to whether changes in land use that are really constrained by suitability are only likely in the border areas among uses, analogous to ecotones.
Model comparisons indicate that inclusion of land markets may be a priority. In the northeastern Thailand study site, land markets may develop rapidly, and a land-market model could be used to explore their potential effects. An important point is that the land markets themselves develop at different stages of frontier development -the Northeastern Thai frontier has been closed for 30 years, while Altamira was only opened for settlement less than 40 years ago. This suggests that the current Thai experience could hold lessons for the future of Altimira.
Finally, the lessons about market forces are also instructive. The Thailand, Ecuador, and Yunnan/Laos projects all recognize changing global markets as exogenous forces. Direct linkages within the model have been discussed and included in statistical analyses (Messina and Walsh 2005) by the Ecuador team, whereas the other two treat markets as boundary conditions subject to manipulation in scenario generation. Particular challenges arise from modeling the effects of market forces, such as modeling lag times for different crops (e.g. how long do coffee prices have to be down in order for farmers to convert from coffee to another land use), modeling a diffusion process of information through social networks and institutions, and endogenizing prices in local markets. Although these processes are not included in the ABM/LUCC models examined here, they are in other ABM/LUCC models (Berger 2001; Polhill et al. 2008 ).
Conclusion
Detailed studies of particular sites have contributed much to the development of land-use science, especially when undertaken from multiple disciplinary perspectives. However, further progress requires us to move beyond the specifics of these sites to focus on a set of unifying questions and to develop theory, data, and analytic tools that can be broadly applied and tested. This paper has taken important steps in that direction through a structured comparison of four agent-based models that collectively cover many of the processes identified as key to land-use change in frontier regions. Particular attention was given to processes of in-migration, interaction of heterogeneous agent types, market integration, and land fragmentation vs. land consolidation. The models were described and compared in terms of spatial data structure, nonspatial social networks, land suitability and land uses, indigenous vs. in-migrant land users, land exchange, and economic and institutional drivers. Analysis of experiments conducted with these four models demonstrates how these components interact to shape land-use change in each region. In spite of the successes identified in the current models, we also identified areas where more work is needed. There are specific gaps with respect to the dynamic evolution of parcel boundaries through land exchange and the incorporation of interacting heterogeneous agents within as well as outside sites. In general, the importance of more accurately identifying, separating, specifying, and interconnecting endogenous drivers and responses to exogenous forces, especially during the period for which the models are developed and validated, comes out of these cross-site comparisons, where change is the only constant.
